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Flavins are thought to be important chromophores for
chronic photo-induced skin injury, but the mechanism
is not well known. We have reported that the primary
cytotoxicity remaining in ultraviolet A-irradiated
riboflavin solution is attributable to hydrogen per-
oxide. Because the dermis is more hypoxic than the
atmosphere, we investigated the cytotoxicity of ribo-
flavin solution during and after ultraviolet A irradiation
under hypoxia. Riboflavin solution showed stronger
cytotoxicity during irradiation under hypoxia than
under air. Riboflavin solution that had been irradiated
under hypoxia at lower ultraviolet A doses showed
stronger cytotoxicity and contained more hydrogen
peroxide than solution irradiated under air at the same
doses. At higher ultraviolet A doses, however, the
cytotoxicity and hydrogen peroxide quantity were
Chromophores responsible for photoaging have notyet been identified (Harber et al, 1989). We postulatethat an initial photochemical reaction towardsphotoaging is absorption of ultraviolet A (UVA)and/or visible radiation by riboflavin (Rf) with
consequent production of reactive oxygen species (ROS). Rf, upon
irradiation, attacks DNA (Ito et al, 1993), RNA (Tsugita et al,
1965), amino acids (Stoien and Wang, 1974), and protein (Vargas
et al, 1982). It has been reported that 8-oxoguanosine is produced
by irradiation of DNA in the presence of Rf (Ito et al, 1993).
Rf is photolyzed into lumiflavin or lumichrome. Further details
of its photoreaction are not well known (Bruce, 1984). Irradiation
of Rf produces singlet oxygen (1O2), superoxide, and the Rf radical
(Kim et al, 1993; Kumari et al, 1996). These radicals have so short
a half-life and weak a reactivity that they are not fully accepted as
effective attacking agents. We have demonstrated that irradiation
of Rf produces a substantial amount of hydrogen peroxide (H2O2)
(Sato et al, 1995), which has a long half-life and penetrates cell
membranes freely. When transition metals react with H2O2, they
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similar in riboflavin solutions irradiated under different
oxygen conditions. The effect of a singlet oxygen
quencher, sodium azide, on the induction of cyto-
toxicity and production of hydrogen peroxide by
ultraviolet A irradiation of riboflavin solution was
examined. The presence of sodium azide in the
solution during ultraviolet A irradiation suppressed
the cytotoxicity and hydrogen peroxide production to
similar levels at various ultraviolet A doses regardless
of oxygen conditions. At the maximum suppression
by sodium azide, hydrogen peroxide production
decreased to 10% of the unsuppressed production.
About 40% of the oxygen molecules of hydrogen
peroxide produced was thought to be derived from
oxygen dissolved in the riboflavin solution. Key words:
hydrogen peroxide/reactive oxygen species/singlet oxygen/
skin aging. J Invest Dermatol 113:77–81, 1999
produce deleterious ROS, hydroxyl radicals (Imlay et al, 1988;
Henle and Linn, 1997; McCormick et al, 1998).
Our previous in vitro study was carried out under air. The dermis
is, however, more hypoxic than the atmosphere (Ganong, 1989).
Little is known about the effects of hypoxia on the dermis when
it is exposed to the sun. The first aim of this study was to investigate
whether or not the cytotoxicity of Rf solution increases upon
irradiation with UVA under hypoxia. Because the cytotoxicity
increased, contrary to our expectation, the second aim was to
determine the cause of its increase. The third aim was to study the
pathway of excited energy produced by irradiation of Rf.
MATERIALS AND METHODS
Cells and cell culture A human fibroblastic cell line from the skin of a
healthy subject (N22OS) was initiated at our laboratory. The cells were
routinely cultured at 37°C in a humidified atmosphere (10% CO2 in air)
in Dulbecco’s modified minimum essential medium supplemented with
12% fetal bovine serum (regular medium). For colony formation, cells
were plated into 35 mm dishes at cloning densities (100–10,000 cells per
dish) and incubated for 10 d with one medium renewal on day 3. Colonies
were fixed with methanol, stained with Giemsa solution, and counted
under a microscope (Sato et al, 1987, 1988).
Riboflavin solution The Rf stock solution, pH 5.2–6.2 [Toa-eiyo,
Tokyo, Japan; 12.7 mg of Rf sodium phosphate (10 mg as Rf), 20 mg of
glucose, 10 mg of glycerine, 0.77 mg of sodium succinate, 0.53 mg of
succinic acid, and 7 mg of benzylalcohol in 1 ml of distilled water] was
kept in brown ampules away from light. The stock solution was diluted
in phosphate-buffered saline (PBS) containing Ca21, Mg21, and glucose
(PBS1; 8.0 mg of sodium chloride, 0.05 mg of monobasic sodium
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phosphate, and 1.0 mg of glucose in 1 ml of distilled water, pH 7.4) just
before use. The cytotoxicity of Rf solution was tested at concentrations
of 1 mg per ml of regular medium or lower. As no noticeable effect of Rf
on colony formation was found at 100 µg per ml (5 266 µmol per liter)
or less, we used the concentration throughout our experiments except in
the detection of radicals by electron spin resonance.
Methods of cell treatment Two different methods of cell treatment
were used. In the first method, cells were exposed to UVA at 1.2–38.4 kJ
per m2 (0.72–24.4 min) in the presence of 1.5 ml Rf solution at 100 µg
per ml of PBS1. In the second method, cells were exposed for 8 min to
1.5 ml of 100 µg per ml Rf solution irradiated with UVA at 1.2–38.4 kJ
per m2. In both cases, cells plated into dishes at cloning densities were
washed with PBS before treatment and Rf solution was removed from
culture dishes immediately after treatment. The cytotoxicity was measured
by colony formation of the treated cells.
UVA irradiation Culture dishes, 35 mm in diameter, were placed in a
plastic bag, laid on a 5 mm thick glass plate, and irradiated with UVA
lamps (FL15BLB, Nippo, Tokyo, Japan) from the bottom. The glass plate
eliminates UVB (290–320 nm) radiation (Sato and Yoshikawa, 1992). The
fluence rate of UVA radiation was measured in the plastic bag with a
radiometer (UV radiation 305/365, Eisai, Tokyo, Japan). The irradiance
was between 26 and 30 W per m2. The actual fluence rate incident on
the cells was obtained by multiplying the irradiance by 0.77 which was
the transmission coefficient of the plastic dishes. In the experiments carried
out under hypoxia, the dishes were placed in a plastic bag and the orifice
of the bag was connected to a nitrogen gas cylinder (Sato et al, 1993). The
gas flow was fast enough to push up a flat weight on the top side of the
bag, but not enough to inflate the bottom side of the bag. Because the
flow of N2 gas for 5–60 min before irradiation of the Rf solution resulted
in a similar survival of cells, we selected a 10 min flow of the gas as
pretreatment of the solution with N2 gas. This nitrogen flow decreased
the dissolved oxygen from the ordinary level of 248 µmol per liter to
about 135 µmol per liter.
Measurement of O2 saturation The O2 saturation of Rf solution was
measured with an oxygraph (MD-1000, Iijima, Gamagori, Japan). The
solution in the inner cistern of a glass case was continuously mixed with
a magnetic stirrer. The outer cistern of the case was connected to a
thermoregulator pump (THERMO MINDER SP-12, Taitec, Koshigaya,
Japan). A pair of electrodes was immersed in the Rf solution to measure
O2 saturation, and the data were printed by a recorder (SS-100F, Sekonic,
Tokyo, Japan). O2 concentration was calculated from these data.
Measurement of H2O2 H2O2 was measured according to the method
of Sato et al (1993). Two to 18 µl of horseradish peroxidase (HRP) (Sigma,
St. Louis, MO) at 2–10 mg per ml were serially added to 1 ml of H2O2-
containing solution, and the mixture was stirred with a Pasteur pipette for
20–60 s. Absorption spectra of the mixture were measured with a
spectrophotometer (UV-1200, Shimadzu, Tokyo) between 350 and 450 nm.
The absorption peak of HRP shifted from 400 nm to 420 nm due to the
formation of HRP–H2O2 complex. When excess HRP was added to
H2O2-containing solution, the absorption peak shifted back to 400 nm.
We defined the cumulative amount of HRP added before the return of
the absorption peak to 400 nm as the maximum amount of HRP that
reacted with H2O2 (Mitsubishi Gas, Tokyo, Japan). The maximum amount
of HRP that bound H2O2 increased in proportion to the increase in the
concentration of H2O2 (data not shown). With this method, we measured
the concentration of H2O2 in UVA-irradiated Rf solution. Addition of
500 µmol NaN3 per liter (Sigma) to the H2O2 solution did not change
the results of H2O2 measurement by HRP (data not shown).
Quenching of 1O2 in riboflavin solution In the colony formation
assay, an efficient 1O2 quencher, NaN3, was added to the Rf solution
during treatment of the cells at a final concentration of 32.5 µg per ml
(5 500 µmol per liter). This NaN3 concentration maximally quenches
1O2 at a constant rate of 2.2 3 10
8 liters per mol per s without any
cytotoxicity. In experiments to determine the quantity of 1O2 sharing in
the formation of H2O2 in Rf solution, we irradiated the solution at 38.4 kJ
per m2 in the presence of NaN3 at the final concentrations of 0, 0.5, 5,
50, and 500 mmol per liter, then measured H2O2 in the solution.
Detection of radicals For the spin trapping experiments, 5,5-dimethyl-
1-pyrroline N-oxide (DMPO; Dojin, Kumamoto, Japan) was used with
dimethylenetriaminepentaacetic acid (Kosaka et al, 1992). A 4.2 mmol per
liter Rf solution diluted with PBS1 containing 0.1 mol DMPO per liter
Figure 1. Survival of normal human skin fibroblasts exposed to
UVA in the presence of 1.5 ml riboflavin solution under air or
hypoxia. The cells were allowed to grow into colonies, and their survival
was calculated by dividing the rate of colony formation at each UVA dose
by the rate of colony formation with no UVA. Irradiation of riboflavin
solution which contained (n, m) or did not contain (s, d) 500 µmol
NaN3 per liter was performed under air (s, n) or hypoxia (d, m). Data
are mean 6 SD (n 5 3).
and 1.35 mmol dimethylenetriaminepentaacetic acid per liter in a quartz
cell was set inside the electron spin resonance (ESR) cavity, and irradiated
with a 500 W mercury lamp (Ushio Denki, Tokyo, Japan) through UV-
transmitting and infrared-absorbing filters (Osaka Optical Glass, Osaka,
Japan) at room temperature. The intensity was 145 W per m2. ESR spectra
were obtained with an ESP 300E spectrometer (Bruker Instruments,
Karlsruhe, Germany), operating at 10 GHz with 100 kHz modulation.
The incident microwave power was 5 mW and the modulation amplitude
was 1.0 G.
Statistics Statistical analyses were carried out with the Student’s t-test.
RESULTS
Cytotoxicity of riboflavin during exposure to UVA Cells
were exposed to UVA at 1.2–38.4 kJ per m2 (0.72–24.4 min) in
the presence of 1.5 ml Rf solution. Their survival decreased as the
UVA dose increased (Fig 1). The survival of the cells was lower
upon irradiation under hypoxia than under air. Adding NaN3 to
Rf solution during irradiation increased survival under both air and
hypoxia to a similar level.
Cytotoxicity of UVA-irradiated riboflavin solution To
investigate the mechanism of enhancement of cytotoxicity under
hypoxia, we compared the cytotoxicity of Rf solution irradiated
under different O2 conditions at each UVA dose. Rf solution was
irradiated with UVA at 0, 1.2, 2.4, 4.8, 9.6, and 38.4 kJ per m2,
and N22OS cells were exposed to each solution for 8 min. In both
cases of irradiation under air and hypoxia, the survival of the cells
decreased with increasing UVA doses and leveled off at about 9.6 kJ
per m2 (Fig 2). The survival of the cells at smaller UVA doses
(1.2–2.4 kJ per m2) was lower when irradiation of Rf was carried
out under hypoxia than under air. At larger UVA doses (4.8–
38.4 kJ per m2), the survival was similar under both O2 conditions.
When Rf solution contained NaN3 at a final concentration of
0.5 mmol per liter during irradiation, the solution showed less
cytotoxicity under both O2 conditions, and the cytotoxicity
decreased to a similar level at each UVA dose.
Yields of H2O2 Rf solution at 100 µg per ml irradiated with
UVA was measured for H2O2 concentration (Fig 3). At lower
UVA doses (1.2–4.8 kJ per m2), the amounts of H2O2 produced
in the solution were larger on irradiation under hypoxia than on
irradiation under air. At higher UVA doses (9.6 and 38.4 kJ per
m2), however, those were similar between irradiation under air
and hypoxia. When NaN3 was added to Rf solution at different
concentrations (0.5 and 5 mmol per liter), H2O2 production at
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Figure 2. Survival of normal human skin fibroblasts exposed for
8 min to the riboflavin solution which had been irradiated with
UVA under air or hypoxia. Their survival was calculated as stated in
the legend for Fig 1. The symbols in this figure are the same as those
explained in Fig 1. Data are mean 6 SD (n 5 3). The difference in
survival at 1.2 and 2.4 kJ per m2 between normoxic and hypoxic conditions
is significant (p , 0.05 and p , 0.01, respectively) and that at the other
UVA doses is not significant.
Figure 3. Yields of hydrogen peroxide in riboflavin solution
irradiated with UVA. The concentrations of hydrogen peroxide were
estimated from the amount of its binding to HRP as stated in Materials
and Methods. Irradiation of riboflavin solution which contained 0 (s, d),
0.5 (n, m), or 5 (,, .) mmol NaN3 per liter was performed under air
(s, n, ,) or hypoxia (d, m, .). Data are mean 6SD (n 5 3). The
difference of yields at 2.4 and 4.8 kJ per m2 between normoxic and
hypoxic conditions is significant (p , 0.02 and p , 0.03, respectively)
and that at the other UVA doses is not significant.
different UVA doses proportionately decreased, but there was no
difference under hypoxia and air. The measurements of H2O2 did
not change by the addition of NaN3 after irradiation of Rf solution
or the addition of NaN3 to H2O2 solution.
Quenching of 1O2 Under either oxygen conditions, about
190 µmol H2O2 per liter was produced during UVA irradiation of
riboflavin at 266 µmol per liter. When NaN3 was present in Rf
solution at various concentrations during UVA irradiation, the
yields of H2O2 decreased to about 20 µmol per liter at 5 mmol
NaN3 per liter then leveled off under both oxygen conditions
(Table I). Thus, in the presence of sufficient amounts of NaN3,
the production of H2O2 was only about one-tenth of the amount
produced in the absence of NaN3.
Measurement of O2 concentration in riboflavin solution
Dissolved O2 was measured in Rf solutions which were irradiated
with UVA in the presence or absence of 500 µmol NaN3 per liter
under air and hypoxia and the concentration of dissolved O2 was
calculated. As shown in Table II, O2 consumption during UVA
Table I. Yields of H2O2 in 266 mmol per liter (100 mg per
ml) riboflavin solution after UVA radiation at 38.4 kJ per
m2 under air or hypoxia in the presence of various
concentrations of NaN3
a
N2 flow NaN3 H2O2 yield
b
10 min (mmol per liter) (µmol per liter)
– 0 192 6 4
– 0.5 108 6 26
– 5 22 6 2
– 50 22 6 2
– 500 22 6 2
1 0 191 6 6
1 0.5 106 6 24
1 5 23 6 4
1 50 22 6 2
1 500 22 6 2
a The amount of H2O2 in riboflavin solution was measured with HRP as described
in Materials and Methods. Oxygen content in riboflavin solution was reduced by
exposing the solution to the flow of pure N2 gas for 10 min before irradiation and
24.4 min during irradiation.
b Mean 6 SD (n 5 3).
irradiation was very similar between normoxia and hypoxia, which
does not explain the rapid production of H2O2 under hypoxia.
The consumption was also similar between the two oxygen
conditions in the presence of 500 µmol NaN3 per liter. It decreased
by about 40% in the presence of 500 µmol NaN3 per liter under
either O2 condition. When PBS
1 was irradiated with UVA, there
was almost no decrease in dissolved O2 regardless of presence or
absence of NaN3.
ESR study When 4.2 mmol per liter Rf solution was irradiated,
we detected hydroxyl adducts and Rf radicals in both normoxic
(Fig 4) and hypoxic solutions (data not shown). The sequence of
production of hydroxyl adducts and Rf radicals under air is shown
in Fig 5. Hydroxyl adducts were detected at the beginning of
irradiation and declined rapidly till 5 min and slowly thereafter. Rf
radicals were detected almost constantly till the end of 20 min of
exposure except for the first few minutes. In the hypoxic solution,
we observed superoxide adducts as demonstrated by Buettner and
Oberly (1978).
DISCUSSION
ROS are produced by UVA irradiation of Rf. Most cytotoxicity
of UVA-irradiated Rf solution is derived from H2O2 (Sato et al,
1995). Rf is ubiquitous in human tissue. When irradiated with the
UV radiation of sunlight, Rf induces photodamage of the skin.
Some human skin components receive less O2 from arterial blood
than other tissues, such as under O2-demanding conditions. We
believe that the production of ROS under hypoxia is worth
studying as in the case of brain ischemia (Chan et al, 1987). Survival
of cells exposed to Rf solution during irradiation with UVA was
much lower when the irradiation was carried out under hypoxia
than when conducted under air. The UVA dose that gives 10%
survival under hypoxic irradiation is half that achieved under
normoxic irradiation (Fig 1). Cytotoxicity of the Rf solution
irradiated with UVA under hypoxia was also stronger at smaller
UVA doses (1.2 and 2.4 kJ per m2) than that of the Rf solution
irradiated with UVA under air (Fig 2). These results may explain
the electron microscopic finding that postcapillary venules were
more severely affected than terminal arterioles and capillaries in
actinically damaged skin (Braverman, 1989). The more humans
undergo physical conditions requiring O2, such as hard jogging
under strong sunlight, the more photo-induced damage occurs in
the skin.
We first assumed that irradiation of Rf under hypoxia produces
less cytotoxicity because there is less available O2. The cytotoxicity
of the irradiated Rf solution, however, increased, contrary to our
expectation. To determine the cause of the cytotoxicity increment,
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Table II. O2 concentration in riboflavin solution before and after UVA radiation
a
O2 concentration
b
N2 flow Riboflavin NaN3 UVA (–) UVA (1) O2 consumption
a during
10 min 266 µmol per liter 500 µmol per liter (µmol per liter) (µmol per liter) UVA (µmol per liter)
– – – 248c 6 3 248d 6 4 1 6 8c
– 1 – 248 6 3 173 6 10 76 6 17
– 1 1 248 6 4 202 6 3 45 6 8
1 – – 139 6 11 131 6 7 8 6 21
1 1 – 134 6 7 59 6 12 75 6 22
1 1 1 135 6 4 89 6 3 46 6 8
a Oxygen concentration in 100 µg per ml (266 µmol per liter) riboflavin was measured before and immediately after 38.4 kJ per m2 UVA radiation in the presence or
absence of 500 µmol NaN3 per liter. Pure N2 gas was flowed for 10 min before irradiation and during 24.4 min irradiation to reduce the O2 content in the solution.
b 38.4 kJ per m2.
c Mean 6 SD (n 5 3).
d 95% confidence interval.
we investigated whether or not Rf solution that had been irradiated
under hypoxia contained more H2O2 (Fig 3, Table II). At smaller
UVA doses (1.2–4.8 kJ per m2), the yields were higher in the case
of irradiation under hypoxia than under air. At larger UVA doses
(9.6–38.4 kJ per m2), the yields were similar under the two different
O2 conditions. The amount of H2O2 destroyed by fibroblasts was
negligible under our experimental conditions (Sato et al, 1995),
hence the production of H2O2 under hypoxia caused the Rf
solution to become cytotoxic earlier, giving it a longer exposure
period, although the total amounts of H2O2 produced under the
different O2 conditions were similar. This partly explains the
stronger cytotoxicity of the Rf solution during UVA irradiation
under hypoxia. The mechanism of the shift toward earlier produc-
tion of H2O2 is unknown. Hydroxyl radical, a well-known
deleterious oxidant (McCormick et al, 1998), is generated from
H2O2 by the Fenton reaction. Oxidative DNA damage is decreased
in the presence of O2 during Fenton reactions (Henle et al, 1996).
When DNA is present during Fenton reactions, H2O2 is consumed
less under normoxia than under hypoxia. The lower consumption
of H2O2 is ascribed to Fe
21 oxidation by a DNA radical, which
was formed by reaction of O2 with a precursor DNA radical
formed in the presence of iron and H2O2. The mechanism of the
vascular change in actinically damaged skin may be associated with
nitric oxide radicals (Beckman, 1990; Fang, 1997) as well as
hydroxyl radicals, which may play a part in the damage process.
Using the ESR spin destruction method, Ito et al (1993) presented
evidence suggesting that Rf-sensitized site-specific degradation of
double-stranded DNA is caused by Rf radicals rather than by 1O2.
Under our experimental conditions under which the cells were
exposed to UVA in the presence of Rf, it was possible that some
Rf penetrated the nuclei and Rf radicals played a partial role in
the cytotoxicity. Kim et al (1993) claimed the importance of the
direct reaction of triplet Rf in ascorbate free radical production by
Rf photosensitization of ascorbate. They also pointed to the
production of superoxide in the same system. Kumari et al (1996)
presented data showing the production of 1O2, superoxide, and
hydroxyl radicals during the photosensitized oxidation of Rf using
tetramethylpiperidone as a spin-trapping agent. Rf has complex
photochemistry both in the presence and absence of other substrates
(Kim et al, 1993).
The production kinetics of H2O2 (Fig 3) and hydroxyl radical
(Fig 5) was similar under either O2 conditions: high production
at the beginning and rapid decline thereafter. The production
kinetics of Rf radical, however, was evident at the time when
H2O2 production was low (Fig 5). These results indicate that Rf
radicals did not contribute substantially to the production of H2O2
in our experimental system. When an efficient 1O2 quencher,
NaN3, was present in the Rf solution, the solutions during and
after UVA irradiation showed less cytotoxicity and had less H2O2.
To determine how much 1O2 contributes to H2O2 production,
we added NaN3 at various concentrations to the Rf solution before
UVA irradiation. The contribution of NaN3 to the decrease in
Figure 4. ESR spectrum of hydroxyl adducts to DMPO. A typical
quadruplet ESR signal of hydroxyl adduct of DMPO, i.e. a typical AN 5
AH 5 14.9 G pattern of DMPO-OH is observed. Field modulation
100 kHz, 1.0 G; magnetic field sweep, 150 G per min; time constant, 1.0 ms.
Figure 5. Time course of hydroxyl adducts and riboflavin radical.
The amount of hydroxyl adducts (solid line) decreased rapidly during the
first 5 min and leveled off at about 10 min. The riboflavin radicals (dashed
line) increased during the first 5 min then leveled off.
H2O2 production was similar in either O2 conditions (Table I).
In the absence of NaN3, H2O2 produced in the solution was about
190 µmol per liter. At 0.5 mmol NaN3 per liter, the H2O2
concentration was about 110 µmol per liter. In the presence of
5 mmol NaN3 per liter or more, the production of H2O2 decreased
to 20 µmol per liter, about 1/10 of that in the absence of NaN3.
This result indicates that about 90% of H2O2 in the solution is
related to 1O2. The generation of
1O2 has been reported to play
an important part in the inactivation of cultured human fibroblasts
VOL. 113, NO. 1 JULY 1999 RIBOFLAVIN CYTOTOXICITY UNDER HYPOXIA 81
by UVA radiation (Tyrrell and Pidoux, 1989). The mechanism of
production of the remaining 10% H2O2 is yet to be elucidated.
The origin of hydroxyl radical oxygen in the Fenton reaction
was studied. Lloyd et al (1997), using water labeled 17O and an
ESR spin trapping method, showing for the first time that the
trapped hydroxyl radical produced in the Fenton reaction was
derived exclusively from H2O2 and that there was no exchange of
oxygen atoms between H2O2 and solvent water. Our experiments
showed that under either oxygen conditions, about 75 µmol O2
per liter was consumed (Table II) and about 190 µmol H2O2 per
liter was produced (Table I) during UVA irradiation of riboflavin
at 266 µmol per liter. The results suggested that about 40% of
H2O2 oxygen was derived from O2 that had dissolved in the
riboflavin solution.
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